The early expansion of cluster cores by Bastian, N. et al.
Mon. Not. R. Astron. Soc. 389, 223–230 (2008) doi:10.1111/j.1365-2966.2008.13547.x
The early expansion of cluster cores
N. Bastian,1,2 M. Gieles,3 S. P. Goodwin,4 G. Trancho,5 L. J. Smith,2,6
I. Konstantopoulos2 and Yu. Efremov7
1Institute of Astronomy, University of Cambridge, Madingley Road, Cambridge CB3 0HA
2Department of Physics and Astronomy, University College London, Gower Street, London WC1E 6BT
3European Southern Observatory, Casilla 19001, Santiago 19, Chile
4Department of Physics and Astronomy, the University of Sheffield, Hicks Building, Hounsfield Road, Sheffield S3 7RH
5Gemini Observatory, 670 N. A’ohoku Place, Hilo, HI 96720, USA
6Space Telescope Science Institute and European Space Agency, 3700 San Martin Drive, Baltimore, MD 21218, USA
7Sternberg Astronomical Institute of Moscow State University, Universitetsky Prospect 13, Moscow 119899, Russia
Accepted 2008 June 6. Received 2008 June 5; in original form 2008 March 20
ABSTRACT
The observed properties of young star clusters, such as the core radius and luminosity profile,
change rapidly during the early evolution of the clusters. Here we present observations of
six young clusters in M51 where we derive their sizes using Hubble Space Telescope (HST)
imaging and ages using deep Gemini-North spectroscopy. We find evidence for a rapid expan-
sion of the cluster cores during the first 20 Myr of their evolution. We confirm this trend by
including data from the literature of both Galactic and extragalactic embedded and young clus-
ters, and possible mechanisms (rapid gas removal, stellar evolutionary mass loss and internal
dynamical heating) are discussed. We explore the implications of this result, focussing on the
fact that clusters were more concentrated in the past, implying that their stellar densities were
much higher and relaxation times (trelax) correspondingly shorter. Thus, when estimating if a
particular cluster is dynamically relaxed (i.e. when determining if a cluster’s mass segregation
is due to primordial or dynamical processes), the current relaxation time is only an upper limit,
with trelax likely being significantly shorter in the past.
Key words: open clusters and associations: general – galaxies: individual: M51 – galaxies:
star clusters.
1 IN T RO D U C T I O N
The early evolution of stellar clusters and aggregates has a rich
variety of physical processes at work including stellar formation and
evolution, gas inflow and outflow, stellar feedback and turbulence,
the merging of stellar clumps and possibly, stellar interactions. The
combination and effective efficiencies of these processes determine
if the cluster, or part thereof, becomes/remains bound or if it forms
an unbound loose aggregate of stars which will slowly blend into
the background field population. These processes leave their mark
on the cluster, in the size (core or effective radius), mass, profile
shape and possibly on the stellar mass function.
This work is a continuation of our previous investigations on the
implications of rapid residual gas expulsion (RGE) on the surviv-
ability and properties of young clusters (Bastian & Goodwin 2006;
Goodwin & Bastian 2006). In previous papers we have explored
the evolution of the luminosity profile of the clusters as well as
E-mail: bastian@ast.cam.ac.uk
their dynamical state. Both were found to be highly variable which
led us to conclude that the observed properties of young clusters
were merely snapshots in their evolution and should not be regarded
as their final properties. One general prediction from our models,
as well as other models of RGE (e.g. Goodwin 1997; Kroupa &
Boily 2002), is that the cluster will expand in response to the loss
of the residual gas, the exact amount of which will depend on the
(effective) star formation efficiency.1
In the current work, we investigate the evolution of core radii
for a sample of young clusters. The sample is partly composed of
a small survey of young (age <30 Myr) clusters in M51 for which
we use high signal-to-noise ratio (S/N > 100) optical spectra in
order to derive their ages, and Hubble Space Telescope-Advanced
Camera for Surveys (HST-ACS) imaging to derive their core radii.
1 Goodwin (2008) reiterates that it is not the star formation efficiency per
se that is the critical factor in determining the effect of RGE, rather the
dynamical state of the cluster at the onset of RGE which can be parametrized
as an effective star formation efficiency.
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We supplement this sample with clusters taken from the literature,
composed of both embedded and open clusters in the Galaxy, as
well as massive extragalactic clusters. These data sets are designed
to complement the study of Mackey & Gilmore (2003) who de-
rived the core radius for 63 clusters in the Large Magellanic Cloud
(LMC)/Small Magellanic Cloud (SMC) and found a strong relation
between the core radius of a cluster and its age (as first found by
Elson 1991), in the sense that older clusters have a wider spread of
core radii than young clusters.
The core radius of a cluster is a particularly interesting parameter
as it is largely responsible for setting the time-scale over which the
cluster evolves dynamically. For a given mass, it is the core radius
which will set the core relaxation time-scale and determine how
quickly dynamical mass segregation proceeds and whether or not
stellar mergers are likely to take place (Freitag, Gu¨rkan & Rasio
2006), assuming that the underlying stellar initial mass function
(IMF) is sufficiently broad (Gu¨rkan, Freitag & Rasio 2004). The
core radius of the cluster is expected to increase during the first few
10s of Myr due to three main effects. First, from stellar evolution
in which the most massive stars lose mass (this effect is heav-
ily amplified if the core is mass segregated2 – e.g. Mackey et al.
2007). Secondly, due to the expulsion of gas left over from the non-
100 per cent efficiency star formation process (RGE; see Goodwin
& Bastian 2006; Goodwin 2008 and references therein). Thirdly,
dynamical heating of the core through ‘dark objects’ (i.e. black
holes and neutron stars) interactions with lower mass stars (e.g.
Merritt et al. 2004; Mackey et al. 2007, 2008). All three effects are
understood relatively well theoretically (see the recent review by
Baumgardt & Kroupa 2007) and all are likely to play a large role.
The goal of the present paper is to test this theoretical framework
with observations. In addition to the above effects, external pertur-
bations such as interactions with giant molecular clouds (GMCs)
and other clusters, disc shocking and spiral arm passages are ex-
pected to also heat the cluster, causing them to expand (e.g. Gieles
et al. 2006; Gieles, Athanassoula & Portegies Zwart 2007).
This paper is organized in the following way. In Section 2 we
present the observations and numerical techniques. In Section 3
we describe in detail the methods employed to derive the age and
core radius of each of the clusters in the M51 sample. In Section 4
the age–core radius relation is discussed using the M51, Galactic
and other extragalactic cluster samples and in Section 5 possible
mechanisms are summarized. We discuss the results and implica-
tions in Section 6 and summarize the results in Section 7.
2 O B SERVATIONS
The spectroscopic observations were taken the nights of 2006 May
25–26, using the Gemini Multi-Object Spectrograph (GMOS) on
the Gemini-North telescope in long slit mode (PI: Bastian, GN-
2006A-C-9). We used a slit width and length of 1.0 arcsec and
5.5 arcmin, respectively, and the B600 grating to achieve a resolu-
tion of ∼150 km s−1. We chose three slit positions which were based
on the catalogue of young cluster complexes in M51 by Bastian et al.
(2005), and we use their naming convention throughout this paper
(the cluster positions in the galaxy can be found using fig. 1 in
Bastian et al. 2005). For each slit position, we obtained two 1800-s
2 I.e. the most massive stars are found preferentially in the centre of the
cluster, more than would be expected from randomly sampling from the
stellar IMF in a centrally concentrated profile.
Figure 1. Top: slit positions superimposed on HST F555W and Hα (contin-
uum subtracted) images of four of the clusters in the sample. Each image is
27.5 × 33.75 arcsec2, corresponding to 1.12 × 1.375 kpc2. North is up and
east is to the left. Bottom: slit positions superimposed on HST F555W and
Hα (continuum subtracted) images of the two clusters within the complex
G2. Each image is ∼610 pc on a side. All images are shown in negative
scaling, where dark shading refers to greater intensity and light regions are
places of low intensity or high extinction.
exposures, which were centred on 508 and 512 nm. For all ob-
servations the seeing was in the 70th percentile (i.e. better than
0.8 arcsec). The data were flat-fielded, bias subtracted, wavelength
calibrated, extracted and combined using standard GEMINI/IRAF
software.
Since the slit positions were chosen to cover multiple complexes
in the same pointing, the positions were independent of paralactic
angle. As such, we have not corrected for wavelength-dependent
slit losses, which accounts for some of the observed differences in
the spectral shapes of the clusters. The slit and cluster positions
are shown in Fig. 1, their coordinates are given in Table 1 and the
spectra are shown in Fig. 2.
Each slit contained one to four clusters with individual clusters
a1 and G2b observed during two different pointings (i.e. for a total
of four exposures for these clusters). The spectra show features
common to young stellar populations, namely a combination of
emission lines and strong Balmer absorption lines.
The structural parameters of the clusters were derived using HST-
ACS-WFC (Wide Field Channel) observations (F435W, F555W
and F814W). These observations were taken as part of the Hubble
Heritage Project in 2005 January (proposal ID 10452, PI: S. V. W.
Beckwith) and the data reduction and processing are described in
detail in Mutchler et al. (2005). Throughout this paper we will use
the standard B, V, I notation to discuss the colours of the clusters;
however, we note that no transformation has been applied.
We adopt a distance to M51 of 8.4 Mpc (Feldmeier, Ciardullo &
Jacoby 1997).
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Table 1. The properties of observed clusters in M51.
Cluster ID Agea χ2ν,bestb Agec Rcore Coordinates
(Myr) (Myr) (pc) (J2000)
a1 58.94 4.1 7.3104 0.63 ± 0.10 13:29:54.64 47:12:08.1
3cl-a 16.525.112.6 1.5 202814 1.65 ± 0.05 13:29:55.59 47:11:50.9
3cl-b 564 4.7 6410 1.02 ± 0.33 13:29:55.67 47:11:48.8
3cl-c 352 d – – 0.38e 13:29:55.81 47:11:45.6
G2a 6144 1.9 10125 1.08 ± 0.35 13:29:43.31 47:11:38.8
G2b 573 – – 0.42e 13:29:43.02 47:11:37.8
aThe best-fitting age is given (solar metallicity), along with the lower and upper limits as defined
in the text.
bχ2 of the best-fitting template age for Hβ.
cSame as for a, but for Z = 0.008.
dAge based on the presence of Wolf–Rayet emission features in the spectrum.
eOnly an upper limit, as discussed in the text.
Figure 2. Spectra of the six clusters observed in M51. Differences in the
continua of the spectra are due to different amounts of extinction and also
due to the time and angle of the different slits, as no atmospheric dispersion
correction was applied. Strong emission lines in cluster 3cl-c are labelled in
the inset.
3 ME A S U R I N G PA R A M E T E R S
3.1 Ages
Optical spectra are a powerful way to derive accurate ages for young
clusters (e.g. Trancho et al. 2007a,b). For the present study we adopt
the technique presented in Konstantopoulos et al. (2008), and we
refer the reader there for the details of the method. In short, the
method compares the detailed line profile shapes of the Hγ and
Hβ lines with the Gonza´lez Delgado et al. (2005) simple stellar
population (SSP) models which have been degraded in resolution
to match the observations (we have used a Salpeter stellar IMF,
and solar metallicity tracks). The comparison between the model
and observed spectra is done on rectified spectra in two bands
which straddle the line. The centre of the line is avoided in order to
minimize contamination from any underlying emission component.
This comparison is done for model ages between 4 and 10 Gyr and
the model with the lowest reduced χ 2, χ 2ν , is selected. The range of
acceptable model ages was determined by comparison of the models
and observations by eye. In particular, we compared the linewidth
and overall profile fit, including small features in the profile which
were seen in the observed spectrum as well as the best-fitting model.
An example of the procedure (3cl-a) is shown in Fig. 3.
We have also fitted clusters a1, g2a, 3cl-a and 3cl-b with SSP
model tracks with Z = 0.008, for which find good agreement with
the solar metallicity fits. The results are given in Table 1; however,
due to the good agreement, we will adopt the ages derived assuming
solar metallicity throughout the paper. We note that cluster a1 is
found in the centre of an Hα bubble which is approximately 80 pc
in radius. This may argue for a higher age, namely that found using
the Z = 0.008 models, but for consistency we adopt the younger
Z = 0.02 results for cluster a1.
For cluster 3cl-c, the lack of any absorption lines in the observed
spectrum makes this technique unfeasible. However, this cluster
appears to be deeply embedded in a dust lane and has strong emis-
sion associated with it (see top panel of Fig. 1), which points to a
very young age (10 Myr). Additionally, the ‘blue bump’ is clearly
observable in the spectrum at ∼4650 Å which is a feature normally
attributed to the presence of Wolf–Rayet stars. Such stars have very
short lifetimes and their presence in the cluster indicates an age
between 2 and 5 Myr (see Crowther 2007, and references therein).
Cluster G2b appears similar to 3cl-c in the lack of strong ab-
sorption lines. It does not, however, show any strong Wolf–Rayet
features in the spectrum. Because of the proximity of this cluster to
the H II region seen in the right-hand panel of Fig. 1, we associate
this cluster with a young age, namely 5 ± 2 Myr.
3.2 Structural parameters
In order to determine the structural parameters of the clusters we
used the ISHAPE algorithm (Larsen 1999). We empirically derived
the point spread function (PSF) from bright isolated stars in the
field of view.
(i) 3cl-a, 3cl-b, a1: these three clusters are extremely bright in
all three bands (BVI) and hence we were able to have the index
of the Elson, Fall & Freeman (1987, hereafter EFF) profile as a
free parameter. A fitting radius of 15 pixel (∼30 pc) was used. The
errors were estimated from the standard deviation between the B-,
V- and I-band fits. We have also estimated the errors in the fits using
version 0.93.9beta of ISHAPE, which calculates the errors, including
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Figure 3. The observed spectra and best-fitting template spectra for cluster
3cl-a around the Hγ (top) and Hβ (bottom) absorption lines. The (blue)
dashed boxes represent the spectral wavelength region used in the fits, where
the centre of each line was not used due to a clear emission component. The
lower plot in each panel shows the χ2ν result for each model fit, along with
the best-fitting model (marked as a vertical dashed line).
correlations between the parameters, and find errors slightly smaller
than the standard deviation between the filters.
(ii) G2a: no best fitting profile could be found, so we assumed
an EFF profile and varied the index between 1 and 2.5 (2 ≤ γ ≤ 5),
which are typical values for clusters in the LMC (e.g. Mackey &
Gilmore 2003). We carried out the fits on all three bands (BVI) and
took the average. The error was estimated in the same way as the
above clusters.
(iii) 3cl-c, G2b: we used a fitting radius of 10 pixel due to con-
tamination from nearby objects. No clear best-fitting profile could
be found. We put an upper limit on the size by fitting EFF profiles
with indices between 1 and 2.5 (2 ≤ γ ≤ 5) and found cluster radii
between 0 (unresolved) and 0.42 pc.
One potential caveat in this method is that it implicitly assumes
that the distribution of light within the cluster represents the under-
lying distribution of mass. If these clusters are, however, severely
mass segregated then the profile derived from the light will under-
estimate the actual core radius (since the light will be dominated by
Figure 4. The relation between core radius and age of M51 clusters (filled
blue circles) and other clusters taken from the literature. The large symbols
represent median values of cluster surveys, see text for details. The dashed
(red) line is a logarithmic fit to the data, done by eye (Rcore [pc] = 0.6 ln
(age [Myr]) − 0.25).
the most massive stars which are more concentrated than the lower
mass stars – e.g. Gaburov & Gieles 2008).
4 TH E C O R E R A D I U S / AG E R E L AT I O N
Fig. 4 shows the relation (filled blue circles) between the derived
core radius and age for the six clusters in M51. There is a clear
relation, with older clusters being larger than younger ones.
Young clusters are generally not found in isolation, but rather
as parts of larger complexes due to the hierarchy of star forma-
tion (e.g. Zhang, Fall & Whitmore 2001; Bastian et al. 2005). As
such, we expect, and observe, many sources around the young clus-
ters (e.g. in the complex G2). These additional sources may cause
blending with the clusters of interest, making them appear larger
than they actually are. This bias, however, works in the opposite
way to the observed trend (that the younger clusters are smaller),
hence the actual trend may be stronger than we have observed.
In order to check if the observed relation between age and core
radius is simply a reflection of an underlying mass–radius relation,
we have estimated the mass of each of the clusters. For this we have
compared the observed BVI colours of each cluster to the Galaxy
Evolution (GALEV) SSP models, assuming solar metallicity and a
Salpeter IMF (Anders & Fritze-v. Alvensleben 2003). We use the
best-fitting spectroscopic age of each cluster and determine the clus-
ter reddening based on the deviation between the observed colours
and those expected at that age. We then use the age-dependent M/L
(mass–luminosity) ratios to estimate the mass using the extinction
corrected V-band flux.
We find that clusters a1, 3cl-a, 3cl-b and 3cl-c have similar masses
within a factor of 2 (∼0.7−1.3 × 105 M). G2a and G2b have
similar masses (a few ×104 M), although G2a is at least twice as
large (core radius) as G2b. Hence we conclude that there is not any
strong mass–radius relation present within this small data set.
In order to understand the Rcore–age relation we searched the lit-
erature and found young clusters which have had their ages and
core radii measured. We take only clusters which have had their
ages derived by either colour–magnitude diagram (CMD) fitting
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or spectroscopic age dating in order to have as clean a sample as
possible. Mackey & Gilmore (2003) presented a large data base
of LMC/SMC clusters with accurate core radii and ages, these are
shown as open squares in Fig. 4. In the Galaxy there have been a
number of massive young clusters discussed, including NGC 3603,
Westerlund 1, Westerlund 2, the Arches and the Orion Nebula clus-
ter (ONC; compilation taken from Brandner et al. 2008; however,
using an age of 1.5 Myr for the ONC – Jeffries 2007), NGC 2316
(Teixeira et al. 2004), Trumpler 14 and DBSB48 (Ortolani et al.
2008). Some massive extragalactic clusters have also been included,
namely NGC 1569B (Larsen et al. 2008), NGC 5236−805 (Larsen
& Richtler 2004), NGC 6946−1447 (Larsen et al. 2001), M82F
(Bastian et al. 2007, and references therein) and M82-A1 (Smith
et al. 2006).
In addition, we also include surveys of cluster systems. The sur-
veys are included in Fig. 4 as large open symbols, where the error
bars on Rcore represent the standard deviation of all members and the
symbols represent the median. The Rosette nebula (Roma´n-Zu´n˜iga
et al. 2008) was included, which is a group of nine clusters still
in the embedded phase (age ∼3–5 Myr). We include the survey of
embedded clusters by Lada & Lada (2003) (assigning an average
age of 3 ± 2 Myr). From the Kharchenko et al. (2005) catalogue of
open clusters we take the mean core radius of all clusters with ages
between 10 and 30 Myr (three clusters with estimated core radii
larger than 20 pc were excluded). We have taken the mean values
of Johnson, Indebetouw & Pisano (2003) for young embedded ra-
dio detected clusters in IC 4662 whose core radii were estimated to
be less than 1 pc, with adopted ages of 1–3 Myr. Finally, we include
all clusters in M82 with ages between 100 and 200 Myr, from the
recent study by Konstantopoulos et al. (in preparation).
Fig. 4 clearly shows that the all of the clusters follow the trend
observed in the M51 clusters – core radii increasing with age. The
possible causes of this, and the implications are discussed in the
next section.
Such a relation between cluster size and age has been seen be-
fore, albeit with smaller samples. Roma´n-Zu´n˜iga et al. (2008) have
recently shown a similar relation among seven embedded clus-
ters in the Rosette nebula, which they attribute to the effects of
RGE. In this case, the clusters are expected to have ages less than
∼5 Myr, and hence should not have had a significant amount of
mass loss due to stellar evolution. Additionally, in a sample of young
extragalactic clusters, Maı´z-Apella´niz (2001) found a relation be-
tween the size of a cluster and its age, which he attributed mainly
to stellar evolutionary mass loss. Comparison of detailed N-body
models with observations of the ONC also led Scally, Clarke &
McCaughrean (2005) to suggest that, despite its young age
(∼1.5 Myr), this cluster was substantially more dense in the past.
Figer (2008) has estimated the density of young massive clusters in
the Galaxy, and using his data (excluding the Galactic Centre clus-
ter) it is clear that there is a strong trend of decreasing density with
increasing age, consistent with the findings of the current study.
Brandner (2008) also has noted that young clusters in the Galaxy
have larger sizes at higher ages. Finally, we note that Scheepmaker
et al. (2007) found larger sizes for red (presumably older) clusters
in the disc of M51 than blue clusters; however, precise age dating
of the clusters was not available.
5 POSSIBLE CAUSES
As mentioned in Section 1, there are a number of possible causes for
the expansion of cluster cores with age. We limit our discussion here
to causes that operate on the early evolution of clusters (100 Myr).
5.1 Expansion by dynamical heating due to stellar
mass black holes
Merritt et al. (2004) and Mackey et al. (2007, 2008) have suggested
that the presence of stellar mass black holes in star clusters can lead
to the expansion of the core radius. The stellar mass black holes
form a dynamically distinct (invisible) ‘core’ and transfer energy
into a stellar ‘halo’ causing the halo to expand, thus increasing the
observed (i.e. stellar) core radius. Merritt et al. (2004) explain the
spread in the observed core radii with age in the LMC/SMC data
of Mackey & Gilmore (2003) by effectively changing the initial
size scale of the cluster (through changing the scaling to N-body
units). Mackey et al. (2007, 2008) can explain the same spread by
introducing different degrees of initial mass segregation into their
clusters and by changing the fraction of black holes that are retained
by the cluster (i.e. not lost due to large natal kick velocities).
5.2 Stellar evolution
When a star cluster loses mass, it will expand in an attempt to
regain virial equilibrium. The mass loss due to stellar evolution
will therefore result in an expansion of the core during the first
100 Myr when a large fraction (∼20 per cent) of the initial mass
is lost. However, detailed N-body simulations including this effect
find that the maximum growth factor of the core radius is only about
a factor of 2 (e.g. Portegies Zwart et al. 1999).
However, Mackey et al. (2007, 2008) show that the effect of stel-
lar evolution on the expansion of a cluster is far more significant if
primordial mass segregation is included (Mackey et al. allow their
cluster to relax for 450 Myr before turning-on stellar evolution).
Their mass segregated clusters are initially compact, with Rcore 
0.25 pc at t  2–3 Myr, which lies nicely on our empirical fit in
Fig. 4. Because of the high fractional mass loss by stellar evolu-
tion in the core, the value of Rcore, in the simulations of Mackey
et al. (2007, 2008), increases with log(age) roughly as Rcore =
2 log (age) − 1, which resembles our empirical curve Rcore =
1.4 log (age) − 0.25. If we attribute the core expansion as observed
in Fig. 4 entirely to stellar evolution, it implies that all of the clus-
ters we observe started with a strong degree of mass segregation.
Gaburov & Gieles (2008) note that Rcore of mass segregated star
clusters appear to increase with age by roughly a factor of 2, due to
the massive stars that populate that core at young ages (this effect
is also included by Mackey et al. 2007, 2008).
5.3 Residual gas expulsion
Clusters initially contain a significant gas fraction which is expelled
by feedback from the most massive stars after a few Myr. The
rapid change in the potential of the cluster causes the cluster to ex-
pand, and possibly be destroyed (see Goodwin 2008, and references
therein). Simulations show that Rcore will expand by a factor of 5–10
over ∼10 Myr as the cluster attempts to regain virial equilibrium
(see Kroupa, Aarseth & Hurley 2001; Goodwin & Bastian 2006;
Baumgardt & Kroupa 2007). The Rcore evolution of unbound clus-
ters is very similar to the empirical fit of Fig. 4, i.e. Rcore increases
linearly with log(age). Baumgardt & Kroupa (2007) find clusters
that remain bound after an expansion of a factor of ∼5, making RGE
a plausible explanation for the observed increase in Rcore. However,
Baumgardt & Kroupa (2007) defined their core radii in terms of the
Lagrangian radii, which contains a fixed fraction of the total mass,
as compared to our method which defines the core radius in terms
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of a profile fit. Therefore, a direct comparison between the works
should be taken with caution.
For the clusters that remain bound after RGE, Rcore reaches a max-
imum and then decline after RGE. The reasons for this are twofold.
First, clusters tend to ‘overshoot’ in their attempt to revirialize and
oscillate around virial equilibrium. Thus the Rcore are sometimes
larger than for a virialized cluster. Secondly, Rcore as measured from
observations will tend to overestimate the final (‘true’) Rcore. After
RGE a cluster will lose a (significant) fraction of its stars even if
a bound cluster remains at the end (‘infant weight loss’; see e.g.
Goodwin & Bastian 2006). However, stars escape at a finite speed
and so will be physically associated with the cluster for several Myr
(as appears to be observed in a number of clusters as an excess of
light at large radii; see Bastian & Goodwin 2006). Thus an observer
may fit a profile that overestimates Rcore for the final luminosity
profile of the equilibrium cluster (Goodwin & Bastian 2006).
5.4 A combination of effects
Stellar evolution and an associated expansion in the core radius
must occur in young clusters. However, how effective this is clearly
highly dependent on the degree of mass segregation present in the
cluster at the onset of massive star death.
Similarly, RGE must occur as after a few Myr clusters change
from being embedded to naked. However, the effectiveness of gas
expulsion depends significantly on the dynamical state of the cluster
at the onset of gas expulsion, a factor for which we have very few
observational or theoretical constraints (Goodwin 2008).
The presence of a significant ‘dark’ component in clusters as
required for later dynamical expansion is difficult to determine
observationally. It seems plausible that at least some of the massive
stellar remnants from early stellar evolution should remain in the
cluster, but the numbers and their dynamical importance are unclear.
It should be noted that this is the only mechanism so far proposed
that can explain the later (>100 Myr) expansion in core radii seen
in the LMC/SMC.
Thus at least two of these proposed causes must be at work in
causing the increase in Rcore with time, and probably all three (and
possibly other, as yet unknown mechanisms). In a future paper
we will theoretically investigate the causes of core expansion in
detail.
6 D ISC U SSION AND IMPLICATIONS
6.1 Effect on dynamical age estimates
The results presented in Fig. 4 show that estimates of the dynamical
age of a cluster, which can be defined as the number of core re-
laxation times (trel) that have passed, will be wrong when using the
current Rcore. Because Rcore was smaller in the past, the cluster has
dynamically evolved more than one would infer from the current
properties (e.g. Portegies Zwart & Chen 2008). Using the empirical
fit displayed in Fig. 4 we can estimate a correction factor F, that is,
the ratio of the true dynamical age over the dynamical age assuming
that Rcore has been constant. Here we define the dynamical age as
the number of core relaxation times that have passed, so that F ≡
N trel,real/N trel,current.
The core relaxation time-scales as R3/2core so we can calculate F as
F (t) =
∫ t
0
[
Rcore(t ′)
]3/2 dt ′
t R
3/2
core(t)
, (1)
Figure 5. Left: the evolution of Rcore for three different initial radii, using
the functional fit to the data in Fig. 4. Right: the ratio of N(trel,real) (the
real number of relaxation times that have actually passed) to N(trel,current)
(the number of relaxation times that have passed assuming that the current
relaxation time has been constant throughout the life of the cluster). Depend-
ing on the initial radius and age of the cluster, using trel,current significantly
underestimates the number of relaxation times that have elapsed within the
cluster.
where we use Rcore(t′) = 1.4 log (age) − 0.25 (Fig. 4). Since the
empirical fit goes to −∞ at t = 0, we have to assume an initial Rcore
at t = 0. In Fig. 5 we show in the left-hand panel the functional form
of the empirical fit, for three initial Rcore. In the right-hand panel we
show the resulting F(t) that follows from a numerical integration
of equation (1). F depends strongly on the initial Rcore, but we can
safely say that for the observed value of very young clusters, F is
somewhere between 3 and 5 at its peak value at an age of ∼10 Myr.
For ages 2 Myr, F = 1 because we have assumed a constant Rcore
equal to the initial Rcore there. F decreases again for ages 10 Myr
because the increase of Rcore has slowed down.
The results above and those shown in Fig. 5 are also valid for
the core crossing time of a cluster in the limit that no stellar mass
is lost during the expansion. However, if mass loss is included the
effect would be stronger on the crossing time (since tcross ∝ M−0.5)
and weaker on the relaxation time (since trelax ∝ M0.5). If the core
would lose 50 per cent of its mass during the expansion phase, then
tcross would increase by a factor of
√
2 and trelax would decrease by
the same amount.
This effect must be taken into account when estimating the dy-
namical age of a cluster, for example to see whether the degree of
mass segregation is of primordial or dynamical origin. We discuss
this more in Section 6.1.1.
6.1.1 Mass segregation
Whether a cluster is mass segregated due to dynamical effects (en-
ergy equipartition), or if it is primordial (set by the star/cluster for-
mation process) in nature has potentially large ramifications for the
star/cluster formation process. In order to test if a cluster’s observed
mass segregation is dynamical or primordial in nature, a comparison
is often made to the observed (current) relaxation time, trel,current, to
that of the cluster age. If trel,current is greater than the cluster age, then
the mass segregation is thought to be primordial (e.g. Hillenbrand &
Hartmann 1998; de Grijs et al. 2002; Gouliermis et al. 2004; Chen,
de Grijs & Zhao 2007).
However, the results shown here indicate that the cluster cores
expand rapidly during the first 20 Myr or so, and hence clusters
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were more compact in the past. Thus, trel,current may overestimate
the initial (and at earlier times) relaxation time by a large factor.
Fig. 5 shows an example of this effect, although we note that these
calculations are meant as an illustrative example only, as we have
not included mass loss. Indeed, Portegies Zwart & Chen (2008)
find that the (half-mass) relaxation time can change by a factor of
several due to stellar evolution over the first ∼100 Myr.
Depending on the initial radius and cluster age, estimating the
number of relaxation times that a cluster has gone through based
on the current relaxation time can result in errors of a factor of 1.5
to 6. Since this factor depends strongly on the initial cluster radius,
and since this is generally not known nor well constrained, it is
highly uncertain how many relaxation times a cluster has actually
undergone. Thus, claims of primordial mass segregation based on
trel,current should be taken with caution.
6.1.2 Stellar mergers
The observed core expansion will significantly affect the internal
dynamics of the cluster, causing the relaxation time to increase
rapidly. Freitag (2007) estimates that the relaxation time could be up
to 20 times longer after the core expansion phase. This implies that
dynamical mass segregation, core-collapse and/or stellar merging
only have a brief window in which to operate, namely the embedded
phase which lasts for 1–3 Myr. The implications regarding stellar
mergers, and the subsequent formation of very massive stars, have
been considered in detail by Freitag et al. (2006). They conclude
that while the very dense state of the cluster may only last for a short
time, this may be compensated by the initially very high densities.
6.2 Older compact clusters
While not found in our literature search (with the exception of
NGC 1569B), it is possible that some clusters remain compact
(Rcore < 1 pc) during their first 10–100 Myr of evolution. This could
happen if the effective star formation efficiency is extremely high,
if the gas dispersal time-scale is extremely long, or if the cluster
stars were born with subvirial velocities. However, even in these
extreme cases, some expansion is expected due to stellar evolution.
It is also clear that clusters can be formed initially with large core
radii; however, these clusters would be more likely to disrupt com-
pletely (due to RGE and stellar evolution) than their more compact
counterparts, assuming that the star formation efficiency (or, more
correctly, the initial dynamical state of the cluster) does not relate
to cluster size.
7 C O N C L U S I O N S
We have presented high S/N spectra and high-resolution imaging of
six clusters in M51. By comparing the Hγ and Hβ lines to template
spectra, we have derived their ages. Additionally, we have measured
their structural properties using the ISHAPE code of Larsen (1999).
We find that the clusters are ∼3 to 25 Myr old and have core radii
ranging from <0.4 to 1.6 pc.
We note a strong trend between the core radius and age of the
clusters, in the sense that older clusters are larger. Including clusters
with measured ages and structural parameters from the literature,
we find this to be a common feature in cluster evolution. The most
promising explanation of this phenomenon is that clusters expand as
they leave their embedded phase, due to the change of gravitational
potential within the cluster. The growth in cluster size appears to
begin at 2–3 Myr, in good agreement with the expected/observed
duration of the embedded phase of cluster evolution and the onset
of gas expulsion. As a cluster expands (in particular its core) the
relaxation time increases dramatically (Freitag 2007), which limits
dynamical mass segregation and significantly lowers the chances of
stellar mergers (Freitag et al. 2006).
The rather small range in mass spanned by our M51 cluster
sample argues that the observed relation between age and core radius
is not simply a reflection of an underlying mass–radius relation. We
caution, however, that the observed trend of increasing core radius
with age could be an observational artefact if all clusters begin their
lives severely mass segregated. This would cause an underestimate
of the core radius for younger clusters whose light is dominated by
a few very massive stars.
These results show that the early phases of cluster evolution are
highly dynamic with many of a cluster’s fundamental parameters
changing by large factors in a short time. This leads us to caution
(as did Goodwin & Bastian 2006) that the determination of the
parameters of young clusters must only be taken as instantaneous
values, they are not the same as a few Myr previously, nor as they
will be a few Myr hence.
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